I. INTRODUCTION
In recent years, there has been a large amount of research focused on the thermodynamic, electronic, and physical properties, and on the structure and reactivity of small inorganic clusters. The recent development of laser vaporization coupled with molecular beam technology has resulted in numerous studies of gas phase metal and semiconductor clusters. 1 This interest arises from their unique physical properties, 2 from the vital role that they play in the nucleation processes, 3, 4 from their potential use as functional units in quantum computers, 5 and from their potential use as catalysts. 6, 7 The present investigation of the tin clusters Sn 4 -Sn 7 has been part of our systematic investigation of thermodynamic properties of small group 14 clusters from Knudsen effusion measurements with a mass spectrometer. [8] [9] [10] [11] [12] These investigations contribute to the knowledge of their thermodynamic properties and, together with the relevant spectroscopic and theoretical studies, to the knowledge of the bonding in such clusters.
The first mass spectrometric observation of tin clusters, Sn 2 ϩ -Sn 5 ϩ , has been reported by Honig, who evaporated tin from an open fused silica crucible. 13 Drowart and Goldfinger 14 have estimated the atomization energies of Sn 3 and Sn 4 from Honig's data. Gingerich et al. 11 evaporated tin from a graphite Knudsen cell and derived the third-law atomization energies of Sn 2 -Sn 7 , assuming linear geometries for the tin clusters.
The first theoretical study of Sn 2 -Sn 7 , using a molecular orbital method, was reported by Anderson. 15 His calculations predicted linear, diamond, trigonal pyramid, hexagonal, and double capped pentagon geometries as the most stable structures for Sn 3 , Sn 4 , Sn 5 , Sn 6 , and Sn 7 , respectively. The computed bond energies were smaller than the corresponding experimental values. 11 In recent years there has been an increasing number of experimental [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] and theoretical 26, [33] [34] [35] [36] investigations of small tin clusters.
In several mass spectrometric investigations of nonequilibrium vapor information on the relative stabilities of small tin clusters under various conditions of clusters formation was obtained. Vaporization by resistance heating 16 or laser vaporization 19 and subsequent cluster formation by cooling with He gas and ionization of the neutral clusters by 70 V electrons 16 or photoionization 19 were used in one set of investigations. Noda and co-workers 20, 21 analyzed the tin cluster ions from a liquid metal ion source. With this method clusters containing up to seven atoms were observed and enhanced stability was indicated for Sn 4 ϩ and Sn 6 ϩ , 20 whereas the gas evaporation methods also produced intermediate size clusters with more than ten atoms and indicated preferred stability for nϭ4, 6, and 10. All investigators found that the Sn clusters behave similarly to those of silicon and germanium, having semiconductorlike covalent bonding. In comparing tin and lead clusters LaiHing et al. 19 found a similar behavior, especially local maxima for nϭ10 for Si through Pb, whereas Saito and Noda 21 found the mass spectra for Pb clusters to be different, reflecting metallic bonding. Ren and Ervin 25 studied the chemical reactivity of tin and lead cluster anions with oxygen by using a flow-tube reactor; they found there was a large variation in reactivity depending on cluster sizes. Ganteför et al. 22, 23 and Moravec et al. 27 observed the anion photoelectron spectra of tin clusters gaining important informations about the ground and low-lying electronic states of the neutral species, and measured their electron affinities ͑EA͒. Shvartsburg and Jarrold 28 characterized the structures of tin clusters cations using a tandem quadrupole drift tube apparatus to measure the relative ion mobilities. Bachels et al. 30, 31 used a micromechanical calorimeter in combination with a high-vacuum molecular beam apparatus to investigate thermal properties of isolated tin clusters, such as the formation enthalpy per atom. Yoshida 32 studied the electronic properties of tin cluster anions and chlorine doped tin cluster anions and measured the threshold energies and the HOMO-LUMO gaps and electron affinities of Sn n (nϭ4 -41). They found that the Sn n clusters with less than 30 atoms are semiconductor clusters, similar to the Si n and Ge n clusters.
In continuation of our studies of the thermodynamic stabilities of small tin clusters, 11, 17 we report here our results for the atomization energies and enthalpies of the formation of Sn 4 -Sn 7 . Our experimental values for the atomization energies are also compared with recent theoretical results from the literature. They have also been used, together with the experimental values for the electron affinities by Moravec et al., 27 to derive the atomization energies of the corresponding cluster anions.
II. EXPERIMENT
The Knudsen effusion mass spectrometric method was employed to measure the partial pressures of Sn 4 , Sn 5 , Sn 6 , and Sn 7 clusters under equilibrium conditions. The experiments were performed with a Nuclide Corporation 12-90 HT single focusing magnetic deflection-type mass spectrometer. Details of the instrument and experimental procedure have been described elsewhere. 37 The tin molecules, Sn 4 -Sn 7 , were observed and measured in three different investigations. In series 1, a binary Sn-Au alloy in the molar ratio of 4.2:1.0 was contained within a graphite Knudsen cell. A graphite lined tantalum cell containing a 0.99 mole fraction of tin with minor traces of Cu, Ag, and Au was employed in series 2. The sample used in series 3 was tin inside a graphite cell. The electron energy used in each of the three series was 17, 18, and 20 V, respectively. More details about the experimental parameters used in these investigations can be found in Ref. 17 . All gaseous species were identified from their mass-to-charge ratio, isotopic abundance, and ionization efficiency. At each measurement a movable slit was interposed into the molecular beam to distinguish between ions produced from species in the beam and from residual gases with the same mass-tocharge ratio in the ionization region of the mass spectrometer. The ionization energy of Sn 4 was measured as 8.7Ϯ1.0 eV, using the literature ionization energies of Sn, 7.34 eV, 38 and of Au, 9.22 eV, 38 Table I. The reference pressure calibration constant for atomic tin, k Sn , was determined from the known Sn 2 (g)ϭ2 Sn(g) dissociation reaction, by combining the ion intensities of Sn ϩ and Sn 2 ϩ , and the literature values of the dissociation enthalpy of Sn 2 (g)(D 0 ‫ؠ‬ ϭ183.4 kJ mol Ϫ1 ). 39 The necessary Gibbs energy functions of Sn(g) were taken from Gurvich et al. 40 and those for Sn 2 (g) were calculated using the molecular parameter determined by Pak et al., 39 and the electronic excited states measured by Ho et al. 41 In these calcu-lations, the ionization cross section for Sn 2 was assumed to be 1.5 times that of Sn(g); 14 the multiplier gains were measured several times in series 1, resulting in ␥ Sn 2 /␥ Sn ϭ0.88. The pressure constants k i for the clusters were then calculated from k i ϭk Sn ͑ Sn ␥ Sn n Sn )/( i ␥ i n i ), where , ␥, and n are the cross section, multiplier gain, and isotopic abundance, respectively. The cross section for Sn was taken from Freund et al. 42 and the molecular cross sections were assumed as 0.75 times the sum of the atomic value. The ␥ i /␥ Sn ratio used was equal to that measured for Sn 2 and Sn, implying cancellation of the mass and molecular effect. 43 The resulting values of k i , in bar A Ϫ1 K Ϫ1 , are the following for series 1, 2, and 3: Sn, 0.074, 0.605, and 0.064; Sn 4 , 0.084, 0.687, and 0.072; Sn 5 , 0.078, 0.640, and 0.068; Sn 6 , 0.075, 0.614, and 0.065; Sn 7 , 0.577 and 0.061, for series 2 and 3, respectively.
III. RESULTS AND DISCUSSION

A. Thermal functions
The Gibbs energy functions, (G T ‫ؠ‬ ϪH 0 ‫ؠ‬ )/T (GEF 0 ), and the heat content functions, (H T ‫ؠ‬ ϪH 0 ‫ؠ‬ ) (HCF 0 ), needed in the evaluation of the reaction enthalpies were taken from the literature for Sn. 40 Those for Sn 4 , Sn 5 , Sn 6 , and Sn 7 were calculated according to the statistical thermodynamic procedures, using the harmonic oscillator-rigid rotator approximation. 44 The geometries and bond lengths are shown in Fig. 1 . The structures of Sn 4 , Sn 5 , Sn 6 , and Sn 7 clusters and the relative molecular parameters were obtained from Jackson, 45 which are revised values of those in Jackson et al. 26 The optimized molecular parameters of these molecules were obtained by local spin density calculations ͑LSD͒, carried out using the Hedin-Lundqvist ͑HL͒ exchange-correlation functional with the von Barth and Hedin ͑vBH͒ modification.
The Sn 4 ground state, 1 A g , has a planar rhombus geometry (D 2h ) with Sn-Sn bond distances of 2.860 Å, the short diagonal of 3.078 Å, and the smaller bond angle equal to 65.1°. The vibrational frequencies, in cm Ϫ1 , are 66, 91, 112, 140, 153, and 170. Since all of the predicted electronic excited states, calculated by Dai and Balasubramanian, 33 lie more than 1.0 eV above the ground state, their contribution to the thermal functions below 1900 K is negligible.
The Sn 5 ground state, 1 A 1 Ј , is a distorted trigonal bipyramid with symmetry reduction to C 2v . The bond lengths, in Å, are 3.014 ͑ϫ4͒ and 3.008 ͑ϫ2͒ for the axial-equatorial distances, and 3.380 for the equatorial-equatorial distance with a bond angle of 107.5°. The vibrational frequencies, in cm Ϫ1 are 43, 51, 59, 88, 97, 103, 123, 139, and 151. The following 11 electronic excited states and respective energies, in cm Ϫ1 , based on theoretical work by Dai and Balasubramanian 34 were taken into account: 3 
The Sn 6 ground state, 1 A 1g , has a distorted octahedral geometry with a symmetry reduction to D 4h . The bond lengths, in Å are 3.033 ͑ϫ8͒ for the axial-equatorial distances and 3.481 ͑ϫ4͒ for the equatorial-equatorial dis- 
B. Atomization energies and enthalpies of formation
The enthalpy of the atomization reaction, Sn n ͑ g ͒ϭn Sn͑g ͒, nϭ4 -7, ͑1͒ was evaluated according to the second-law method, based on a least-squares analysis of ln K p vs 1/T plots, and according to the third-law method, using the relation ⌬ r H 0 ‫ؠ‬ ϭϪRT ln K p ϪT⌬͓(G T ‫ؠ‬ ϪH 0 ‫ؠ‬ )/T͔. For Sn 4 the second-law atomization enthalpy values obtained from the separate analysis of series 1 and series 2 are in good agreement with the third-law values. From series 1 the second and third law ⌬ a H 0 ‫ؠ‬ , in kJ mol Ϫ1 , are 743.0Ϯ11.8 and 746.7Ϯ2.8, respectively; from series 2 they are 754.9 Ϯ20.2 and 753.5Ϯ4.5, respectively. The atomization enthalpy, in kJ mol Ϫ1 , for Sn 4 is selected as 745.5Ϯ4.1 and 754.0Ϯ7.1 for series 1 and series 2, respectively, giving the third-law value twice the weight of the second-law value. From series 3 only a third-law evaluation is possible, due to few data points and the too small temperature range; the corresponding ⌬ a H 0 ‫ؠ‬ value, in kJ mol Ϫ1 , is 754.7Ϯ0.7. For Sn 5 -Sn 7 the third-law ⌬ a H 0 ‫ؠ‬ values, in kJ mol Ϫ1 , of series 1, series 2, and series 3 are Sn 5 , 982.7Ϯ3.5, 993.9 Ϯ7.1, and 996.9Ϯ3.7; Sn 6 , 1341.2Ϯ2.7, 1356.1Ϯ9.0, and 1354.1Ϯ1.2; Sn 7 , 1645.1Ϯ8.1 and 1643.4.0Ϯ3.7 for series 2 and series 3, respectively. The atomization enthalpy values of Sn 4 and Sn 5 clusters are slightly lower than the values reported by Gingerich et al., 11 whereas the ⌬ a H 0 ‫ؠ‬ of Sn 6 and Sn 7 are higher. This is mainly due to the their different thermal functions used; they were based on an assumed linear structure.
The recommended values for the atomization enthalpies of Sn 4 , Sn 5 , Sn 6 , and Sn 7 were obtained as the weighted average of the respective selected ⌬ a H 0 ‫ؠ‬ value, resulting from each series. The weight for each series was taken as the square root of number of data points. 17 has been used to obtain the value for Sn 4 . The values confirm the qualitative conclusions of earlier nonequilibrium mass spectrometric observations of a preferred stability for Sn 4 and Sn 6 . 16, 20 The stability trend for the tin clusters is similar to that for the corresponding germanium clusters 10 and silicon clusters. 47 It is also interesting to calculate the binding energies, or atomization enthalpies, of tin clusters anions for the reaction Sn n Ϫ (g)ϭ(nϪ1)Sn(g)ϩSn Ϫ (g), using the experimental values of their electron affinities ͑EA͒. The results, in eV, are 5. 32, 8.71, 11.80, 15.16, and 17.89 for Sn 3 Ϫ , Sn 4 Ϫ , Sn 5 Ϫ , Sn 6 Ϫ , and Sn 7 Ϫ , respectively. The relation used is ⌬ a H 0 ‫ؠ‬ (Sn n Ϫ )ϭ⌬ a H 0 ‫ؠ‬ (Sn n )ϪEA͑Sn͒ϩEA͑Sn n ). The experimental electron affinities were taken from Moravec et al. 27 for Sn 3 -Sn 7 , and from Thøgersen et al. 48 
C. Comparison of experimental and theoretical atomization energies
In recent years theoretical studies in predicting binding or atomization energies of small group 14 clusters, especially those of carbon and silicon, with chemical accuracy, 47 using the Gaussian 2 ͑G2͒ theory have become possible. The G2 theory has recently 49 also been applied with similar success to germanium clusters with up to five atoms, 10 but has not yet been extended to tin clusters.
In Table IV we compare the experimental atomization energies of Sn 4 -Sn 7 obtained in the present investigation with the corresponding recent theoretical values.
Dai and Balasubramanian performed multireference singles and doubles configuration interaction calculations ͑MRSDCI͒ on Sn 4 33 and Sn 5 34 giving several electronic excited states with different geometries. The calculated atomization enthalpies are about 5% for Sn 4 and 9% for Sn 5 less than our respective recommended values.
The only theoretical calculations performed so far on Sn 6 and Sn 7 are those by Jackson et al. 26 and Wang et al. 35 Wang et al. performed ab initio total-energy pseudopotential calculations on neutral and negatively charged Sn n (n ϭ3 -10) clusters, giving the lowest-energy structures without details of the molecular parameters. Jackson et al. 26 cal- culated the energy minimized structures for Sn 2 -Sn 7 neutral and anionic clusters, also giving the molecular parameters, bond distances, and vibrational frequencies. The atomization enthalpies obtained by single-point calculations using the Becke-Lee-Yang-Parr gradient-corrected correlation functional ͑BLYP͒ at the Becke-Janak-Moruzzi-Williams correlation functional ͑BJMW͒ optimized geometry with zeropoint corrections, are slightly higher than our values for Sn 4 and Sn 5 , whereas they are in good agreement for Sn 6 and Sn 7 . Lu et al. 36 carried out the Car-Parrinello ab initio molecular dynamics ͑CP-MD͒ simulated annealing of tin clusters up to 13 atoms to gain some insight into the dynamics of clusters formation. They also give values for the cohesive energies of these clusters ͑see Table IV͒ , which are subject to a constant shift.
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